Tennis Court Road ogy. The N-terminal domain makes sequence-specific contacts with the DNA major groove, and the C-terminal Cambridge, CB2 1GA United Kingdom domain is responsible for dimerization (Muller et al., 1995; Ghosh et al., 1995). Here, protein-protein associa-2 Centre for Biomolecular Sciences University of Nottingham tion is not only required for DNA binding but, through the heterodimerization of distinct NF-B proteins, also Nottingham, NG7 2RD United Kingdom allows these molecules to expand their DNA recognition repertoire (Chen et al., 1998). NF-B p50, with its well-defined homodimeric interface, provides a suitable model to study protein-protein Summary interactions. Previously, random mutagenesis and in vivo screening techniques were applied to the analysis of Protein-protein interactions govern a wide range of cellular processes. Molecular recognition responsible this interface (Hart et al., 2001). Simultaneous random mutation of 4 amino acids centrally placed in the inter-for homodimerization and heterodimerization in the rel/NF-B family of eukaryotic transcription factors face, Tyr267, Leu269, Ala308, and Val310, led to the identification of 25 novel mutants that retained the in vivo relies on a small cluster of hydrophobic residues. We have carried out a structural analysis of six NF-B activity of the wild-type protein.
Introduction
All but one mutant crystallized with the same symmetry The diversity of interactions in protein-protein associaas the wild-type (Table 1) ; YLGV, however, showed no tions reflects the variety of functions that rely on protein significant alterations in structure or conformation. Apart complexes (Larsen et al., 1998; Janin 1999; Nooren and from MLAM, all mutants have essentially the wild-type Thornton 2003). Mutagenesis and in vitro evolution extertiary structure, and only very minimal changes can periments indicate that crucial "hot spots" exist at interbe detected in some interface residues in the proximity faces and show that the perhaps unexpected plasticity of the mutation sites. One notable change is the appearof protein structure often allows distinct interactions to ance of solvation water molecules, filling the space left yield equivalent interfaces (Clackson and Wells, 1995;  by some of the mutations; for instance, the Tyr to Met Wells 1996; Bogan and Thorn 1998; Atwell et al., 1997) . substitution in MLAC makes room for two waters to A simple, relatively small interface is that of the NF-B coordinate both the side chain of Glu265 as well as p50 homodimer, dominated by a cluster of four (per atoms of the peptide backbone. monomer) hydrophobic amino acid side chains.
In most mutants the overall geometry of the interface NF-B p50 belongs to a group of transcription factors is strictly preserved, presumably constrained by the widespread in eukaryotic organisms; members of the Leu-Ala symmetrical tetrad. An indication of the packing rel/NF-B family regulate the expression of multiple restrictions is given by the YLGV mutant, where in spite genes, such as those involved with innate immunity, of the void created by the Ala to Gly substitution no cell surface activation and adhesion, inflammatory and atomic shifts are observed. On the other hand, the Tyr267 position appears to be tolerant to substitutions chains. In the case of the Val310 position, hindrance the interface and joins the cognate domain to continue the rest of the fold. The connecting peptide segments, gives rise to more complicated interactions, the effects of which are manifested in the dramatic changes oc-between residues 304 and 307, are clearly defined in the electron density maps (Figure 2) . Each of the resulting curring in the MLAM mutant.
domains individually overlay very well on the wild-type monomer, with an overall rms deviation of 0.5 Å (not The Structure of the MLAM Mutant Strikingly and unexpectedly, the monomers of the MLAM significant relative to experimental error) for the C␣ atoms (least squares fit using residues 247-303 and mutant have exchanged nearly half of their polypeptide chain, so that the fold of each domain is intimately inter-309-349). Indeed, all the hydrophobic core residues within each domain are in the same position as in the wild-twined (Figure 1 ). After making five ␤ strands and a short 3 10 helical segment, the polypeptide chain crosses over type. There is, nevertheless, a change in the orientation of the domains relative to each other (Figure 3 ), corre-it shrinks down to 5.7 Å in the MLAM mutant, indicating that the shift of one domain relative to the other has sponding to an approximate rotation of about 14Њ from a pivot point near where the DNA and the N-terminal brought the Leu residues closer together. This therefore leads to a small repacking at the interface, where the domain would be located in the whole complex. When the mutant is superimposed onto the wild-type by least Leu side chains, normally in van der Waals contact with the Ala308 methyl group, face each other in the MLAM squares fitting the backbone of one domain, the other domain exhibits displacements up to 8 Å relative to mutant. equivalent wild-type atoms. A measure independent of the reference frame used for the structural comparison Causes and Effects of Intertwining Even though two mutations occur in the MLAM mutant is the distance between the C␥ atoms of the central Leu residues (at position 269). While this distance is constant and both of them may contribute to the effects that bring about the intertwined folding, it is likely that Met310 only at 7.0-7.1 Å in most of the mutants and in the wild-type, The peptide segment 303-309, for each monomer, is shown; it can be clearly seen how the electron density crosses over the interface resulting in the intertwined fold of the MLAM mutant. The electron density shown is from the early stages of the refinement: the 2F o Ϫ F c map (gray mesh) is contoured at 1 and the F o Ϫ F c difference map (positive peaks in blue and negative peaks in red mesh) is contoured at 3. Residues 303-309 were omitted from the coordinates used for the calculation of the electron density. The atomic coordinates shown are those of the final refined structure.
Figure 3. Stereo Pairs with the Superposition of the MLAM Mutant on the Wild-Type Homodimer Conformation
The MLAM mutant is shown in yellow and blue, while the wild-type is in red and green (as in Figure 1 ). The overlay was prepared by least squares fitting one of the intertwined domains of the mutant structure onto one of the native monomers. In the MLAM mutant, a shift of the two domains relative to each other is apparent. The superposition also highlights the virtually identical structures of the intertwined domain and the wild-type monomer.
(Val in the native molecule) causes the structural change.
one mutation (or possibly two) are offset by the intertwined fold, which ultimately maintains a functional di-In fact, the MLAV mutant (Table 1) homodimerization and heterodimerization to bind the full spectrum of their target sites. Based on the structure Arg305, and Phe307 which adopt a different conformation in the intertwined structure. In the wild-type, the of the p50/p65 DNA complex and on the very strong similarity of structural elements between p50 and p65, benzyl ring of Phe307 points out of the domain into the interface, making contact with the aliphatic chain of it is tempting to speculate that intertwining is possible in heterodimers. However, this is unlikely to be effective Arg305 from the cognate monomer; in the mutant, the phenylalanine of one chain has crossed over to engage in producing heterodimers of mutant p50 and wild-type p65, if intertwining takes place upon folding. in interactions with residues of the other chain. The groups of Val273, Phe307, and Arg305 become sand-Presumably, intertwining of the dimerization domains takes place in the whole molecule as well. Since the wiched between each other, forming a continuum of hydrophobic packing with intervening side chains from mutant was identified in a random mutagenesis/screening experiment, and is functional in vivo (in E. coli), its each monomer. These atomic displacements are the major structural differences between interactions in the structure provides an example of structure/function relationships selected by molecular evolution. wild-type and the mutant; they are the direct result of the crossover of the polypeptide chain between the two domains.
Intertwined destabilizing mutation.
Third, 3F o Ϫ 2F c maps and SA omit maps clearly showed continuous stretches of electron density crossing over the interface from one monomer into the other one. Fourth, rebuilding of the loop into these Experimental Procedures calculated electron densities resulted in a drastic decrease in both R and R free values to 30% and 37% (respectively), in a single round Cloning and Protein Preparation The procedure used here was similar to the one reported previously of refinement. These data unambiguously confirm the correctness of the model. (Huang et al., 1997) . The segment of the NF-B p50 gene corresponding to the dimerization domain, between residues Ala245 and The following refinement cycles reduced the R/R free to final values of 26.5%/31.7%, respectively. The refinement of atomic coordinates Glu350, was amplified from samples of the previously published mutants (Hart et al., 2001) . PCR primers incorporated the restriction was done using the CNS (Brunger et al., 1998) and Refmac (Murshudov et al., 1997) refinement packages. Simulated annealing proto-sites NdeI and BamHI to allow cloning into pET3a (Novagen). Protein overexpression for each mutant was carried out in the following cols as implemented in CNS were utilized in the first rounds of refinement. The temperature refinement included either restrained way: 75 l from an overnight 5 ml starter LB culture at 37ЊC were used to inoculate a 75 ml LB culture; this was grown to an OD 600nm individual for all except the MLAM mutant structures. The grouped
